1996) being designated as mismatch-specific uracil
of the central four-stranded ␤ sheet and intervening helices found in UDGs, but lacking the coil of helices DNA-glycosylases (MUGs).
Taken together, the mammalian TDGs and the bacteat the amino terminus of the UDG fold. Optimal threedimensional alignment of the E. coli MUG and HSV1 UDG rial MUGs appear to constitute a new family of pyrimidine glycosylases, mechanistically and evolutionarily (PDB code 1UDG) structures, using the SSAP algorithm (Orengo and Taylor, 1996) , brings 147 C␣ positions into distinct from the well-described UDG enzymes. We have now determined the crystal structure of the MUG enapproximate three-dimensional equivalence with an rms deviation of 3.74 Å . The SSAP score of 77%, together zyme of E. coli alone and in complex with a DNA duplex containing an abasic reaction product. The results of with a similar biological function, suggests that the UDG and MUG structures have evolved from a common anthese investigations reveal a quite unexpected structural similarity between the MUG/TDGs and UDGs, with cestral fold. Nonetheless, the sequence alignment based on this structural similarity ( Figure 3a ) only identia common "flipping" mechanism for the recognition of uracil and thymine. However, the efficient catalytic apfies 17 identical residues (10% of the MUG sequence), suggesting that the families of uracil DNA-glycosylases paratus of UDGs is not conserved in the MUG/TDGs, and interactions of MUG with the complementary DNA represented by these two sequences diverged early in evolution. strand, including intercalation of a side chain, suggest a quite distinct mechanism for the recognition of uracil and thymine in the context of a mismatched base pair.
MUG Binding Pocket Specificity
In common with the UDG enzymes, one face of MUG is Results traversed by a narrow channel connecting with a pocket, which penetrates back into the core of the enzyme.
MUG Structure
Structural alignment of E. coli MUG and HSV1 UDG The structure of E. coli MUG was determined by multiple effectively superimposes this region with the wellisomorphous replacement and refined at 1.8 Å resoludescribed uracil binding pocket of HSV-1 UDG, sugtion (see Experimental Procedures). The MUG structure gesting that this pocket in MUG may serve a similar consists of a central 5-stranded ␤ sheet flanked on both function, and that MUG/TDG enzymes, like UDGs, emfaces by ␣ helices, with the general ␤-␣-␤ topology seen ploy a nucleotide-flipping mechanism (Roberts, 1995) in in many enzymes that interact with nucleotides. Strands the processing of their substrates. a, b, c, and e have a parallel orientation with the short One of the faces of the putative uracil binding pocket strand d making an antiparallel interaction with strand in MUG is provided by the side chain of Phe-30, corree at the edge of the sheet (Figure 1 ).
sponding to Phe-101 in the structure of HSV1 UDG. One face of MUG displays an excess positive charge Although this residue is not a conserved phenylalanine and is traversed by a channel connecting with a narrow in all the known MUG/TDG sequences, it is always aropocket, which penetrates back into the core of the enmatic and therefore capable of the -stacking interaczyme ( Figure 2 ). The face and one edge of this pocket tions with uracil, as observed in UDG-base complexes are formed by a sequence GINPG , (Mol et al., 1995a; . The opposite face while the opposite face of the pocket is formed by the and one edge of this uracil binding pocket in HSV-1 side chain of Phe-30, which is a tyrosine in the mamma-UDG are formed by the main and side chains of a selian TDG sequences. The bottom of the pocket is formed quence motif GQDPY from residues 86-90, which is by the main chain from residues 6-69 and the hydrophototally conserved in all UDG sequences. In the structural bic moiety of the side chain of Lys-68. This residue alignment with E. coli MUG, this corresponds to the is not conserved across MUG/TDG sequences, being sequence GINPG from residues 16-20, which is totally alanine in S. marcescens and asparagine in the mammaconserved in the known MUG/TDG family sequences lian enzymes.
and adopts a virtually identical conformation to the hoIn the native MUG crystals, a well-ordered sulphate mologous sequence in UDG (Figure 4 ). ion is bound at the mouth of the pocket. This ion makes UDGs show exquisite specificity for the excision of hydrogen-bonding interactions with the side-and main uracil, with no detectable activity against thymine. This chains of at the N terminus of the specificity results from the presence of a tyrosine two first ␣ helix, and with the main chains of Gly20 and Pheresidues downstream of the catalytic aspartate (GQDPY). 30. A second sulphate ion is also bound in the channel,
The side chain of this tyrosine packs against the C5 hydrogen bonding to the main-chain peptide nitrogens position of a bound pyrimidine, sterically excluding the of residues 109 and 110 at the N terminus of the fifth ␣ 5-methyl group of thymine. Mutation of this residue to helix (Figure 1b) . a smaller side chain in human UDG confers thymine DNA-glycosylase activity (Kavli et al., 1996) on the mutant enzyme. In the known MUG/TDG sequences, this Structural Homology to UDG Although no significant homology could be detected residue is a conserved glycine (GINPG). The absence of a "barrier" to a 5-methyl group at this position in between the MUG/TDG and UDG families of uracil-DNA glycosylases (Gallinari and Jiricny, 1996; Neddermann MUG/TDG explains thymine-glycosylase activity of the TDG Jiricny, 1994) and bacterial MUG et al., 1996) , the MUG structure is clearly related to the known structures of UDGs from herpes simplex virus enzymes (see below). Tight binding of uracil and discrimination against cyto- and humans (Mol et al., 1995a) . The MUG fold contains a subset of the UDG fold, consisting sine in the UDG binding pocket are due to a specific pattern of hydrogen-bonding interactions, provided by Phe-101, which would make a repulsive interaction with the N4 amino group of a bound cytosine. Consistent a totally conserved asparagine (Asn-147 in HSV-1 UDG). Its amide side chain donates a hydrogen bond to the with this, mutation of the corresponding asparagine to aspartic acid, which can accept a hydrogen bond from exocyclic O4 carbonyl oxygen of uracil and accepts a hydrogen bond from the protonated ring N3, but would cytosine N4, conferred a weak cytosine-DNA glycosylase activity on human UDG (Kavli et al., 1996) . make repulsive interactions with the exocyclic N4 amino and unprotonated N3 imino nitrogens of a cytosine Based on the structural alignment of MUG and UDG, the equivalent to the HSV-1 UDG Asn-147 in the mambound in the same position. The O4 of uracil also receives a hydrogen bond from the peptide nitrogen of malian TDG sequences is also an asparagine (Asn-191), Stereo pair of MUG molecular surfaces calculated using GRASP (Nicholls et al., 1993) , showing the channel running vertically under the protruding loops and the putative pyrimidine-binding pocket. The surface is colored according to the electrostatic potential, going from red for the most negative, to blue for the most positive. The view is the same as in Figure 1c .
suggesting that a similar mechanism of specificity operthan the hydroxyl ion generated in the UDG mechanism.
In the general acid-general base catalytic mechanism ates in TDG. Surprisingly, the corresponding residue in the bacterial enzymes is not conserved as an aspara- (Dodson et al., 1994; for UDGs, a conserved histidine (His210 in HSV-1 UDG; His268 in gine, but is a lysine (Lys-68) in E. coli MUG and an alanine (Ala-66) in S. marcescens MUG. While the bactehuman) acts as the general acid, moving approximately 1 Å upon DNA binding (Slupphaug et al., 1996) to prorial enzymes are clearly unable to provide the specific hydrogen bonding afforded by an asparagine side chain, tonate, or at least polarize, the O2 of the bound deoxyuridine. This histidine is part of a second highly conserved they would retain the nonspecific peptide nitrogen interaction (Gln-87 in UDG, Ile-17 in MUG) with the O2 of motif in UDGs (SHPSPL). The topologically equivalent motif in MUG (PNPSGL) adopts an essentially identical uracil, and the specific peptide nitrogen interaction (Phe-101 in UDG, Phe-30 in MUG) with the O4. The side conformation, but the catalytic histidine of the UDGs is replaced by an asparagine in the bacterial MUGs and chain of Lys-68 in MUG lies across the bottom of the putative binding pocket, so that its ⑀-amino group can a methionine in the mammalian TDGs. The MUG/TDG enzymes thus lack both the general acid and general interact with the exocyclic 4 position of a bound pyrimidine, favorably with the O4 carbonyl of uracil or thymine, base of UDGs but are at least able to present a water to a productively bound substrate in a similar manner. and unfavorably with the N4 amino group of cytosine. Thus, Lys-68 could discriminate against cytosine bindConsistent with this, the rate of uracil excision by E. coli MUG is several orders of magnitude slower than uracil ing by E. coli MUG but cannot provide the specificity of the asparagine side chain employed in UDG and TDG.
excision by UDGs, which are exceptionally fast enzymes. In S. marcescens, where the equivalent residue is an alanine, this cannot be the case. However, the S. marcescens MUG is two amino acid residues shorter than Resistance to Inhibition by UGI MUG/TDGs are further distinguished from UDGs by their the E. coli sequence at the amino terminus, which would bring the peptide ␣-amino group into a roughly similar resistance to the uracil-DNA glycosylase inhibitor protein (UGI) (Cone et al., 1980) from the Bacillus subtilis position as the ⑀-amino of Lys-68 in E. coli, possibly fulfilling a similar role. In the absence of a crystal strucbacteriophage PBS1/2. PBS1/2 is very unusual in that it uses uracil instead of thymine in its DNA. UGI protects ture for a pseudosubstrate complex, the details of the interactions made by MUGs with uracil remain uncertain the phage uracil-DNA from degradation within a thymine-DNA host by binding to the bacterial UDG with high but are at least amenable to mutagenesis studies. affinity and blocking its active site. The UDG residues involved in interaction with UGI are also involved in DNA Catalytic Mechanism of MUG/TDG Surprisingly, the catalytic aspartate of UDGs within the binding (Mol et al., 1995b; and are strongly conserved across UDG sequences, so that motif GQDPY is an asparagine (GINPG) in the MUG/ TDG sequences. The role proposed for Asp-88 from inhibition by UGI appears to be a common property of UDGs from a broad range of biological sources (Pearl the structure of HSV-1 UDG and supported by a later human UDG-DNA complex (Slupand Savva, 1996) . Neither the bacterial MUG nor mammalian TDG enphaug et al., 1996) is the binding of a water molecule and its activation by abstraction of a proton for nucleophilic zymes are inhibited by UGI (Neddermann and Jiricny, 1993; Gallinari and Jiricny, 1996) , although many of the attack on the N-glycosidic bond of a bound deoxyuridine. In MUG, a water molecule is observed in an exactly key sites of UGI binding (Mol et al., 1995b; are conserved in the MUG enzymes. The equivalent position, bound between the main-chain carbonyl and side-chain amide of Asn-18 and therefore major difference in the detailed interactions offered to UGI by UDG and by MUG is the replacement of the poised for nucleophilic attack on the N-glycosidic bond in a manner analogous to the water bound by glutamine (Gln-87 in HSV-1 UDG) within the GQDPY motif with an isoleucine in the GINPGL motif in MUG/ in UDG (Figure 4 ). In MUG/TDG enzymes, however, no active general-base catalysis can be provided by the TDG sequences. In UDG-UGI complexes, this side chain makes two hydrogen bonds with the main chain of Leuamide side chain of Asn-18, and the N-glycosidic bond must be attacked by a weakly nucleophilic water rather 23 of UGI, which could not be satisfied by the side chain (Orengo and Taylor, 1996) . ␣ helices are shown as red cylinders, and ␤-strands as green arrows. Sequence motifs contributing to pyrimidine binding and hydrolysis are highlighted as in Figure 4 . of isoleucine. The lack of this strong glutamine-mainwith G:T mismatches would be bound in a manner similar to those containing a G:U mismatch but would not chain interaction in a putative MUG-UGI complex probably accounts for the resistance of MUG to inhibition by be processed by the enzyme. This was expected to UGI, although this remains to be demonstrated experiprovide a route to obtaining a trapped enzyme-DNA mentally.
complex. Cocrystals of MUG and a self-complementary oligonucleotide 5Ј-CGCGAGTTCGCG-3Ј were indeed obtained, but it is evident that the thymines in the central Thymine-DNA Glycosylase Activity of MUG G:T mismatches in the duplex have both been excised. As earlier studies had suggested that only G:U but not
Rather than remaining associated with these "product" G:T mismatches were substrates for the bacterial memabasic sites, the enzyme has rebound nonspecifically bers of the MUG/TDG family of enzymes (Gallinari and Jiricny, 1996), it was anticipated that oligonucleotides at the ends of the oligonucleotide. A full description of
The DNA in this cocrystal does not exist as a selfcomplementary blunt-ended duplex but, instead, forms a continuous "nicked" double-stranded DNA molecule, running more or less parallel to the c axis of the unit cell. The base pairing in this duplex is offset by six nucleotides (Figure 5a) , generating mismatched C:T and A:G base pairs. In the C:T mispair, both bases are in the anti conformation and make a direct hydrogen bond between O4 of the thymine and N4 of the cytosine, and a water-bridged interaction between the O2 groups of each. The A:G mispair adopts a A ϩ (anti):G (syn) conformation (Brown et al., 1989) . Despite the presence of the extraneous mismatches and the missing phosphates at the concatamer junctions, the conformational parameters of the DNA are well within the ranges observed for normal B form-the notable exceptions being the sites of interaction with the enzyme.
The offset of six nucleotides in the base-pairing ladder of the duplex positions the unique uracil of one strand opposite the 3Ј-terminal guanine of the opposite strand, generating a G:U mismatch. The DNA strand carrying the uracil runs into the channel traversing the positive face of the protein, across the mouth of the putative pyrimidine-binding pocket. The conformation of the sugar-phosphate backbone in this region is substantially distorted, so that the deoxyuridine is "flipped-out" of the DNA helix and into the base binding pocket (Figure  5b ), in a manner similar to that previously seen for uracil-DNA interacting with a human UDG mutant (Slupphaug nitrogen of Ala-77 and from the side-chain hydroxyl of Ser-142, which is a conserved residue in MUG, TDG, and UDG sequences. The 5Ј phosphate approaches the this nonspecific complex will be presented elsewhere.
site of a tightly bound sulphate ion observed in the native However, the excision of the thymine bases demon-MUG structure, formed by the side chains of Ser-22 and strates that, at the high concentrations of enzyme emSer-23, and the peptide nitrogen of Gly-20. The other ployed in the crystallization experiments, MUG, like TDG sulphate binding site observed in the native structure is but unlike UDG, is a dual uracil/thymine-DNA glycosyoccupied by the 5Ј phosphate of the nucleotide two lase. This is consistent with the absence of a barrier positions downstream from the processed uracil. The residue in the putative pyrimidine-binding site (see O1Ј hydroxyl group of the abasic sugar, which by analabove). The increased activity for G:T mismatches disogy with UDG derives from the nucleophilic attack of a played by the mammalian TDG with respect to the MUGs bound water molecule on the glycosidic bond of the appears to be encoded in the amino terminal segment deoxyuridine , remains hydrogenthat has no equivalent in the bacterial MUGs (Gallinari bonded to the carbonyl oxygen of the putative catalytic and Jiricny, 1996).
residue Asn-18 and makes hydrogen bonds with two water molecules in the mouth of the pyrimidine pocket.
Structure of MUG-DNA Product Complex
MUG makes only two other direct hydrogen-bonding Tetragonal crystals of a second MUG/DNA complex, interactions with the DNA strand carrying the uracil, containing an oligonucleotide of sequence 5Ј-CGCGAG involving hydrogen bonds to phosphate groups from UTCGCG-3Ј, were obtained under acidic conditions, and the indole ring nitrogen of Trp-123 and the peptide nitrothe structure of the complex was solved by molecular gen of Asn-140. The remaining interactions involve a replacement and refined at 2.35 Å (see Experimental network of water molecules bound at the interface beProcedures). The asymmetric unit consists of a single tween the protein and the DNA. molecule of the enzyme and a single dodecanucleotide,
The gap in the DNA duplex left by the flipped-out with the DNA duplex being formed by the crystallodeoxyuridine is occupied by Gly-143 and Leu-144, which graphic 2-fold symmetry axes along the ab diagonals insert between the two bases flanking the scissile nucleotide. A similar role has been proposed for a conserved of the cell. leucine in UDGs (Slupphaug et al., 1996) . Structural equivalence with Leu-244 in HSV-1 UDG, which is in a related conserved motif PSPLS. In addition, a third alignment of MUG and HSV-1 UDG brings Leu-144 in the sequence motif PSGLS in E. coli MUG into topological residue, Arg-146, inserts its side chain between the "widowed" guanine of the G:U mismatch and the pre-1980). The thick end of the wedge, formed by the side chain of Leu-144 and the main chains of Gly-143 and ceding cytosine (Figure 6a ). The head group of Arg-146 is hydrogen-bonded to the peptide oxygen of Leu-144, is too bulky to be intercalated and can only be accommodated within the body of the DNA duplex by on one side and to a water molecule on the other, which is in turn hydrogen-bonded to the deoxyribose ring oxythe displacement of the deoxyuridine into an extrahelical flipped-out conformation (Figure 6a ). gen of the widowed guanine. Gly-143, Leu-144, Arg-146, and the associated water molecule form a "wedge", One consequence of the displacement of the deoxyuridine and insertion of the wedge into the duplex is the which penetrates the base stack of the DNA from the minor groove. Insertion of the narrow end of this wedge, formation of strong hydrogen-bonding interactions between the N1 imino group of the widowed guanine and formed by the planar head group of Arg-146 and its bound water, is accommodated by the local unwinding the carbonyl oxygen of Gly-143, and between the N2 exocyclic amino group of the widowed guanine and the of the backbone and increase in base pair spacing associated with intercalation of planar groups (Shieh et al., carbonyl oxygens of Gly-143 and Ser-145 (Figure 6b ). a mispaired thymine was protected from methylation, suggesting that TDG contacts this position. A favorable interaction with a guanine 3Ј to the mispaired thymine would explain TDG's preference for G:T mispairs where the deamination event occurred in a CpG sequence context.
UDG Pulls, MUG Pushes
Specific binding of uracil in the base-recognition pocket of UDG provides a significant contribution to the energy of interaction with substrate uracil-DNA. Mutants of HSV-1 UDG, in which the catalytic residues are mutated to asparagine and which failed to excise the uracil base, bound to ss-uracil-DNA with a KD of 6-7 nanomolars but to uracil-free ssDNA or dsDNA with millimolar or worse affinity (Panayotou et al., 1997) . With ds-uracil-DNA substrates, the nonhydrolytic UDG mutants bound G:U mismatches 12-fold more weakly and A:U base pairs 300-fold more weakly than ss-uracil-DNA, reflecting the energetic penalty of base pair disruption and destacking implicit in the flipping mechanism. Thus, while UDG is able to excise uracil from both ssDNA and dsDNA, interactions with the second strand of the DNA in a dsDNA substrate contribute nothing to the stability and specificity of UDG-dsDNA complexes. UDGs are perhaps best considered as essentially single-strand specific DNA repair enzymes that are also capable of processing uracil within dsDNA. In contrast, MUG has an absolute requirement for dsDNA and appears to achieve a substantial component of its substrate recognition by interaction with the complementary strand of the duplex. Consistent with the the abasic gap left by a flipped-out base and pulled by the favorable interactions made by the flipped-out base in the pocket (Slupphaug et al., 1996) . Although UDG Both these interactions, which involve the Watson-Crick base-pairing groups on the guanine, can only be made in binding to abasic DNA has been reported in earlier studies (Domena et al., 1988) , with highly purified enzyme the absence of a base-pairing partner and are absolutely specific for guanine. These interactions with the widand a defined oligonucleotide duplex containing a single abasic site, we could observe no significant binding of owed base may be significant contributors to the specificity of MUG/TDG enzymes for G:U and G:T mismatched wild type or nonhydrolytic UDG mutants in our assay (Figure 7b ). Leucine insertion clearly plays a role in the base pairs and their inactivity against A:U and A:T Watson-Crick base-paired substrates (Gallinari and Jiricny, productive interaction between UDG and DNA (Slupphaug et al., 1996) ; however, the lack of affinity we ob-1996). Consistent with this, binding of MUG to an abasic site opposite a widowed guanine is more than 10 times serve with HSV-1 UDG for abasic sites in duplex DNA, in contrast to the high affinity for uracil in ssDNA or stronger than to an abasic site opposite a widowed adenine, with which these specific second-strand interdsDNA, suggests that this is a relatively minor component and that the pull component is predominant in actions cannot be made (Figure 7a) .
MUG makes no interactions with the N7 of the widsubstrate recognition by UDG. Despite its structural homology with UDG, MUG disowed guanine in the complementary strand, confirming the methylation interference studies of Schä rer et al.
plays an almost entirely opposite mechanism for substrate recognition, having relatively little inherent affinity (1997) with TDG, where this position is free for methylation. In contrast, the N7 of a guanine on the 3Ј side of for the uracil, but nanomolar affinity for the abasic site produced by the base excision reaction (Figure 7c ). MUG enzyme in the bound complex, is free in the G:U/T wobble base pair and may provide an initiating interaction thus appears to employ a push mechanism, facilitated by insertion of the intercalation wedge formed by Glywith the enzyme in the early stages of productive complex formation. A G:C base pair, although able to provide 143, Leu-144, and Arg-146 into the duplex.
the second-strand interactions once disrupted, will be much less liable to disrupt than either the G:U/T wobble The Structural and Mechanistic Basis of G:U/T or A:U/T Watson-Crick pairs, due to the significant staMismatch Specificity bility provided by its three strong hydrogen bonds. The Recognition of the presence of an incorrect or damaged N2 atom, which is available in the G:T/U wobble base base such as uracil in DNA is a relatively straightforward pairs, is completely occluded in the G:C base pair, proprocess, as the unique structure of the damaged base viding a barrier to the initiation of the wedge intercalation distinguishes it from the normal component bases.
and flipping process. The requirement for intercalation Thus, a "classical" uracil-DNA glycosylase can achieve of the arginine side chain into the second-strand base satisfactory specificity by providing a binding site with stack may also play a role in discrimination, as the enerinteractions that are uniquely tailored to bind uracil, but getic penalty for disruption of base stacking against no other base. Such a recognition strategy need not a G:C is significantly higher than for other base pairs take account of the context of the uracil; it can and does (Ornstein et al., 1978) . operate efficiently and accurately on single-or double-
The UDG enzymes, which achieve their specificity alstranded uracil-DNA substrates.
most entirely by discriminatory interactions in the pyrimThe MUG enzyme makes three hydrogen bonds with idine binding pocket, are fast by the standards of other the widowed guanine, which are absolutely specific for DNA glycosylases, with k cat values for uracil excision guanine and provide the necessary discriminatory comfrom dsDNA typically of the order of 2500 min
Ϫ1
. A signifiplementary strand interactions. However, these interaccant component of the efficiency of UDGs derives from tions are with groups involved in Watson-Crick base the direct involvement of general-acid and general-base pairing and cannot be made unless the mispaired pyrimicatalysts in the reaction. MUG, in which both of the dine is flipped-out into the active-site pocket of the equivalent residues are asparagines, is incapable of faenzyme. Surprisingly, and in contrast with UDG, which cilitating proton transfer and displays a kcat around 0.4 strongly disfavors cytosine binding, the hydrogen-bondmin Ϫ1 for excision of uracil from dsDNA (T. Waters and ing interactions available in this pocket in the MUG en-P. F. Swann, personal communication), which is similar zymes would seem to be weaker and less discriminatory to the rates observed for base excision by other DNA than those provided for recognition of the widowed guaglycosylases (Boiteux et al., 1990; Bjelland et al., 1994 ; nine on the complementary strand. Indeed, the residue Roy et al., 1994) . As the two asparagines in MUG occupy that forms the bottom of the pocket is not even conessentially identical positions relative to the substrate served between the two known MUG sequences. Thus, and have identical conformations to the aspartic acid MUG, lacking the highly specialized binding pocket of and histidine in UDGs, it is difficult at first sight to underUDGs appears to have evolved a different strategy for stand why these residues have not evolved into the more substrate recognition, being somewhat promiscuous catalytically potent general-acid/general-base system with respect to the flipped-out base but achieving subof the UDG enzymes. One possibility that is open to stantial specificity from interactions with the compleexperimental falsification by mutagenesis of both UDG mentary strand. and MUG enzymes is that a slow inherent rate of hydrolyGiven the push mechanism with significant complesis contributes directly to specificity by putting more mentary-strand discrimination, strong specificity against weight on the relative stability of the flipped-out and cytosine binding in the pocket may not be essential.
base-paired conformations in determining whether baseFlipping-out of the mismatched pyrimidine by MUG is excision will occur. mediated by the push of the wedge formed by Gly-143, Leu-144, and Arg-146 into the duplex DNA. This interaction is stabilized by intercalation of the arginine Conclusions Systems for DNA repair probably arose early in cellular head group into the base stack of the complementary strand and by the specific hydrogen bonds from Glyevolution, and those for the reversal of cytosine deamination, an inherent property of the chemistry of DNA, 143 and Ser-145, to N1 and N2 of the widowed guanine. In forming this stable complex, the base pairing between might be expected to have been among the first. Until recently, excision repair of uracil was believed to be the guanine and the scissile pyrimidine must be broken, and the barrier to this will depend on the strength of performed exclusively by members of the UDG enzyme family, which are highly conserved (56% identity, E. coli the hydrogen-bonding and stacking interactions of that base pair. Thus, disruption of the inherently weak wobto human) and apparently ubiquitous. The discovery of a new family of enzymes (MUG/TDG) with uracil glycosyble base pairing in a G:U or G:T mismatch will be more readily achieved than disruption of a Watson-Crick lase activity (Gallinari and Jiricny, 1996) suggested that two unrelated strategies had evolved and become differ-A:T/U base pair. Even if the stronger A:T/U base pair were disrupted, the widowed adenine could not satisfy ently distributed in biology. Thus, UDG and MUG/TDG family members are simultaneously present in mammals the specific hydrogen-bonding pattern offered by the wedge and will provide much less stabilization to the and some gram-negative bacteria, but yeast only possess a UDG enzyme, whereas some insects only express flipping-out of the pyrimidine. Additionally, the N2 group of guanine, which picks up a hydrogen bond from the a MUG/TDG activity (Gallinari and Jiricny, 1996, and were immobilized on a streptavidin-coated sensor chip (SA5, Bia-
The need for two enzymes within the same cell, both core AB) until a suitable level was achieved. Formation of doublecapable of initiating base excision repair of similar lestranded oligonucleotides and of abasic sites was achieved as presions, is obscure, but not without precedent. Indeed, viously described (Panayotou et al., 1997) .
many DNA repair processes, such as those responsible Analysis of the data was performed using the evaluation software for the removal from DNA of alkylated purines, appear supplied with the instrument. For estimation of the equilibrium dissociation constant, K D, a series of protein concentrations was injected to have backup pathways.
and the response at equilibrium plotted versus the concentration. In order to eliminate small "bulk" refractive differences at the beginning and end of each, a control sensorgram obtained over a nonbinding Experimental Procedures surface was subtracted for each protein injection. Data were fitted using the equation Cloning, Protein Expression, and Purification The coding sequence for E. coli MUG was amplified by PCR with R ϭ Rmax * C KD ϩ C chromosomal DNA as template, ligated into the NcoI and HindIII sites of pTrc99A (Pharmacia), and transformed into E. coli strain BL21(DE3). Bacteria were grown in 1.5ϫ Nutrient Broth No.2 (Oxoid) where R is the response at equilibrium, Rmax the maximum response, to A 600 of 1.0, induced by addition of 1 mM IPTG, and harvested C the concentration of injected protein, and KD the equilibrium dissoafter 8-12 hr postinduction. Cells were harvested by centrifugation, ciation constant. resuspended in ice-cold 20 mM Tris-HCl, 10 mM EDTA (pH 8.3), 1 mM PMSF, and lysed by sonication. The lysate was incubated on Crystallization and Data Collection ice for 30 min with 1/10 vol of a 10% (w/v) solution of streptomycin
The orthorhombic crystal form used to determine the structure was sulphate and clarified by centrifugation at 19,000 rpm.
identified using a sparse matrix screen (Jancarik and Kim, 1991) MUG was purified by tandem cation exchange-anion exchange and refined as microbatch experiments under paraffin oil in Terazaki chromatography using linked Q-Sepharose and SP-Sepharose colplates (Chayen et al., 1990) . Crystals were obtained from experiumns (Pharmacia). Fractions containing MUG were pooled and conments containing protein at 4 mg ml
, with 12%-20% PEG 4000 centrated in a stirred ultrafiltration cell using a YM3 membrane and 60-80 mM ammonium sulphate. The orthorhombic crystals have (Amicon). The protein was further purified by gel filtration on a Superspace group P2 12121, cell dimensions of a ϭ 40.01 Å , b ϭ 49.05 Å , dex-75 (Pharmacia) giving material of Ͼ95% purity as judged by cϭ 91.07 Å , with a solvent content of 49% and a single molecule Coomassie stained SDS-PAGE and concentrated to 13 mg ml Ϫ1 . in the asymmetric unit. The final yield of purified protein was between 8 and 10 mg per liter For the protein-DNA complex, the desiccated oligonucleotide 5Ј-of harvested bacterial culture.
CGCGAGUTCGCG-3Ј was resuspended in 10 mM MgCl 2 and 20 mM Tris-HCl (pH 8.0) and annealed by heating to 60ЊC and slow cooling to 20ЊC. The protein and annealed oligonucleotide were combined DNA Synthesis Oligonucleotides were synthesized on an Applied Biosystems 394 in the ratio 1:2 and used in crystallization trials. MUG-DNA cocrystals were obtained from 8% PEG 4000, 0.1 M sodium acetate buffer (pH DNA synthesizer using cyanoethyl phosphoramidite chemistry, deprotected in concentrated aqueous ammonia for 8 hr at 55ЊC, and 4.6). These crystals are tetragonal, with cell dimensions a ϭ 101.35 Å , c ϭ 45.0 Å , and space group P4 2212. The asymmetric unit contains purified by reverse-phase HPLC. After purification, the major product was evaporated to dryness and desalted using a Pharmacia one protein molecule and a single strand of DNA giving a solvent content of 50% by volume. NAP 10 column (Sephadex G25) according to the manufacturer's instructions.
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